After the 1956 radiation scare to stop weapons testing, studies focused on cancer induction by low-level radiation. Concern has shifted to protecting "radiation-sensitive individuals." Since longevity is a measure of health impact, this analysis reexamined data to compare the effect of dose rate on the lifespans of short-lived (5% and 10% mortality) dogs and on the lifespans of dogs at 50% mortality. The data came from 2 large-scale studies. One exposed 10 groups to different g dose rates; the other exposed 8 groups to different lung burdens of plutonium. Reexamination indicated that normalized lifespans increased more for short-lived dogs than for average dogs, when radiation was moderately above background. This was apparent by interpolating between the lifespans of nonirradiated dogs and exposed dogs. The optimum lifespan increase appeared at 50 mGy/y. The threshold for harm (decreased lifespan) was 700 mGy/y for 50% mortality dogs and 1100 mGy/y for short-lived dogs. For inhaled a-emitting particulates, longevity was remarkably increased for short-lived dogs below the threshold for harm. Short-lived dogs seem more radiosensitive than average dogs and they benefit more from low radiation. If dogs model humans, this evidence would support a change to radiation protection policy. Maintaining exposures "as low as reasonably achievable" (ALARA) appears questionable.
Introduction
Many studies have been carried out on the effects of ionizing radiation on organisms over the past 120 years. The overall effects are well known at high doses. At high and low doses, the detailed cell response mechanisms are complicated and may involve all levels of biological organization. About 75% of the human body is water, and a principal effect of radiation is the creation of reactive oxygen species (ROS), including hydrogen peroxide. They are a double-edged sword. Depending on their concentrations, they may cause damage or signaling in terms of stress responses. 1 Moreover, ROS are produced abundantly and constantly by aerobic metabolism. 2 Most studies focus on harmful effects, mainly risks of cancer, because of the low-level radiation scare that was introduced in 1956 to stop nuclear weapon testing and proliferation. 3, 4 The government regulators, worldwide, accepted the recommendation of the US National Academy of Sciences in 1956 that the risk of radiation-induced genetic mutations can be assessed using a linear no-threshold (LNT) model. 5 "Radiation exposure has never been demonstrated to cause hereditary effects in human populations" 6 ; however, there is evidence for X-rays and nuclear radiations to cause mutations in cells, which may contribute to the risk of cancer. Studies on experimental living systems and on humans have shown, depending on the individual genome, that low doses of radiation upregulate many biological protective mechanisms, which also operate against nonradiogenic toxins and produce beneficial effects, including a lower risk of cancer. 7 Still, most regulators uniquely employ the LNT model to estimate the risk of radiation-induced cancer deaths. After considering the health consequences of the precautionary evacuations following the 2011 nuclear accident in Japan and the impacts of the radiation scare on the economy, it has become obvious that the society is paying a very high price because of public fear of low-dose radiation. 8 For more than a century, extensive studies have been carried out on the effects of radiation, which demonstrate that harmful effects, such as radiation illness, may arise after exposures above known threshold dose levels, whereas a range of beneficial effects may be observed following low-dose exposures. 7, 9, 10, 11 Although there appears to be an awareness among the prominent leaders of the radiation protection establishment that radiation protection policy contradicts this biological evidence; there is a very broad consensus among them that it is impossible to attribute health effects to low radiation exposures, namely to exposures similar to the wide spectrum of background levels. 12 This opinion does not consider the recent progress in biological research on the mechanisms that underlay the fact that living organisms are "complex adaptive systems." 13 In radiation protection, the words "health effects" imply radiation-induced fatal cancer incidence that is calculated using the LNT model. The "health effects" of background radiation are small when compared to the average incidence of cancer deaths (less than 1 in 40 deaths) and, therefore, cannot be demonstrated due to large statistical uncertainties.
DNA alterations (damage) occur at a very high rate due to endogenous causes. 2 To stay alive in a hard-to-avoid environment of multiple toxic impacts, all organisms have powerful protective mechanisms that prevent, repair, or remove damage in and to cells. Surviving cells continue to accumulate endogenous and exogenous mutations and may become cancer cells. These may be detected and destroyed by the immune system to prevent the development and spread of cancer. A weakened or impaired immune system is usually a precondition for cancer mortality.
14 Since low doses of radiation stimulate many protective systems, including the immune system, it is very unlikely that low-level radiation causes more damage than benefit. Indeed, as damage propagation to molecules and cells from low doses can hardly be observed, protective mechanisms can be seen readily and be quantified.
Regulatory disregard of the biological evidence of beneficial health effects leaves lingering fear and uncertainty about cancer risks that sustain the risk assessment community. It restricts many medical applications of X-rays in diagnostic imaging and low-dose therapy. It blocks social acceptance of the nuclear energy option through fear of exposure to radioactive materials from power plants and waste management sites. When people increasingly question whether low levels or low doses of radiation are really harmful, protection practitioners argue that "radiation-sensitive individuals" exist who are more vulnerable than average people to potential "health effects" and must be protected. 15 This concern about protecting sensitive individuals and the suggestion that longevity may be the most appropriate measure of the effect of radiation on health 16, 17 led to this examination of the effect of dose rate on the lifespans of dogs.
Analysis of 2 Studies on Beagle Dogs
To assess the effect of radiation level on more sensitive individuals, the authors reexamined data on the health effects of long-term irradiations in 2 large-scale studies on groups of beagle dogs. One exposed the dogs to whole-body cobalt-60 g-radiation. The other evaluated dogs whose lungs were exposed to a-particle radiation from plutonium. Each group of dogs received a different dose rate. Beagle dogs are assumed to model humans well and have been the preferred choice for many studies by the US Department of Energy and its predecessor agencies since the 1950s. 18 These studies had been reviewed previously to determine the dependence of the lifespan of 50% mortality dogs on dose rate 9, 19 Analysis of the data of the first study suggested an increase in the lifespan of dogs exposed to 50 mGy of g-radiation per year, compared to the control dogs. Analysis of the data of the second study suggested an increase in longevity for dogs with an initial plutonium lung burden of 0.1 kBq/kg, compared to the control dogs.
These are very credible studies, carefully carried out by qualified and experienced scientists who bred the dogs and controlled all confounding factors. Particular attention was given to dosimetry. In the cobalt 60 study, all factors contributing to the dose rate and total dose were normalized in the irradiation field by migrating the dogs through all positions and orientations with respect to the irradiation source. 18, 20 Chronic g-Irradiation
The methodology of this study is well described by Grahn and Fritz 21 and by Fritz et al 22 . Using the data in Figure 1 , 23 the lifespans of dogs at 5%, 10%, and 50% mortality in the control group (background dose rate) were compared with the lifespans of the 5%, 10%, and 50% mortality dogs in each dose rate Figure 1 . Mortality curves of dogs subjected to cobalt-60 g-irradiation at different dose rates ( Figure 3 ). 23 The vertical lines were added to facilitate reading of the lifespan at the intersection of each mortality level (50%, 10%, and 5%) with the mortality curve of each group of dogs.
group. The intersection lifespans are tabulated against the dose rate presented in Table 1 , and the normalized lifespans are plotted against the dose rate represented in Figure 2 .
Unfortunately, the design of this study did not include groups of dogs exposed to dose rates between background and 0.3 cGy/d. A group exposed to a dose rate of about 0.015 cGy/d (55 mGy/y) would have provided data to interpolate lifespans between the natural background level and the threshold dose rates at 700 to 1100 mGy/y. Lacking these data, interpolations based on both threshold and hormetic dose-response models are shown as dashed lines.
The dashed hormetic lines, drawn with the same curvature as the solid lines, very likely model the true response of longevity versus dose rate over this factor of 300 to 400 range. This judgment is based on the Calabrese and Baldwin 17 review of many animal model studies on the effect on longevity of long-term, whole-body exposure to low dose rates of g-rays. The magnitude of the increase in median lifespan ranged from 10% to 30%. In addition, there is extensive evidence and radiobiology endorsing the hormetic model for this interpolation. 7, 24, 25, 26 It was anticipated that the "short-lived" 5% and 10% mortality dogs would be more sensitive, adversely, to the effects of low dose-rate radiation-that their lives would be significantly shortened. On the contrary, Figure 2 suggests that their dose-rate thresholds for lifespan shortening are higher than those of the 50% mortality dogs. The lifespans of the 50% mortality dogs begin to decrease above a threshold of about 700 mGy per year, whereas the lifespans of the more radiation-sensitive (5% and 10% mortality) dogs begin to decrease above thresholds of about 1100 mGy per year. Their lifespans drop more steeply with increasing dose rate, indicating their greater sensitivity to radiation. The fitted lines are quite close to the data points.
The hormetic interpolations suggest that the optimum dose rate for longevity is about 50 mGy per year for all mortality levels. The lifespan increase is about 15% for 50% mortality dogs and much greater for the more radiation-sensitive dogs.
Chronic a-Irradiation of Lungs
The paper by Muggenburg et al 27 describes in detail their study on 216 beagle dogs, which were exposed at 12 to 15 months of age by inhalation and pulmonary deposition of 7 graded activity levels of insoluble plutonium dioxide aerosols. The levels ranged from 0.16 to 29 kBq/kg initial lung burden. There were 36 control dogs, 18 male and 18 female (exposure level 0). The data on the observed carcinogenic and noncarcinogenic effects are analyzed and discussed. Figure 3 below, from the article by Muggenburg et al 27 , presents the survival curves. They combined data from all 3 aerosol particle sizes within each exposure level. They also included survival curves for the 36 study controls and the 142 "other controls" from other lifespan studies on the same breed of dogs.
This analysis determined the age at death (lifespan) of the dogs at 5%, 10%, and 50% mortality in the controls and in the Figure 2 . Lifespans of groups of dogs at different cobalt-60 g-radiation dose rates. The black dot is the normalized lifespan of the 50% mortality dog in each group. The red triangle and the blue diamond are the normalized lifespans of 10% and 5% mortality dogs. Adapted data from Fliedner et al. 23 7 exposed groups from the intersections of the survival curves with the mortality levels, as shown in Figure 3 . The results are shown in Table 2 . Normalized lifespan versus plutonium lung burden (dose rate) are plotted in Figure 4 . Lines were drawn that fit quite close to the data points. It was anticipated that short-lived dogs at 5% and 10% mortality would be more sensitive, adversely, to the effects of a-radiation in their lungs-that their lives would be significantly shortened. On the contrary, Figure 4 suggests that their thresholds for lifespan reduction are significantly higher than those of the 50% mortality dogs, that is, about 0.65 kBq/kg versus 0.25 kBq/kg.
Dashed lines were drawn to interpolate the lifespans from the fitted lines to 0 plutonium burden. The lifespan lines suggest increased longevity when the lung burden is between 0 and the thresholds for harm (reduced lifespan). The more radiation-sensitive dogs experience a greater benefit than less sensitive dogs. The optimum lung burden appears to be about 0.1 kBq/kg, for all mortality levels.
These data again suggest that control dogs (no plutonium) at 5% mortality are much more sensitive to a-radiation in their lungs than are 50% mortality dogs. Figure 3 and Table 2 indicate that group 1 dogs at the 5% mortality level have a remarkably long lifespan. They live about 50% longer than the control dog at the 5% mortality level, 4500 days for group 1 versus 3000 days for the control dog.
Assessing the statistical significance of the group 1 longevity data, it is apparent that the first of the group 1 dogs died at an age of about 4400 days. This means that none of these 21 dogs died before that age. Examining the survival curve of the large "Other Controls" group of 142 dogs, 4400 days correspond to a survival fraction of 0.77, as shown by the red lines in Figure 3 . The probability that all of the 21 dogs will survive this long, each having a probability of 0.77, is 0.77 21 ¼ 0.004. The corresponding P value is 0.4%. That means that the probability of a statistical fluctuation leading to the actual result of all the group 1 dogs living longer than 4400 days is 0.4%. In medicine, a confidence level of 5% or 1% is generally accepted as significant, so a P value of 0.4% is very significant. Figure 3 indicates that the longevity benefit from lung irradiation is smaller for the less sensitive dogs at the 10% mortality level. The longevity of the control dogs at the 10% mortality level is about 3600 days; the longevity of the group 1 dogs at the 10% mortality level is about 4800 days, an apparent increase of about 33%. Assessing the statistical significance, the second dog of the group 1 dogs died at an age of about 4720 days. In the Other Controls group, 4720 days correspond to a survival fraction of 0.68 or a death probability of 0.32. The probability that, out of 21 dogs, 0 or 1 will die (20 or 21 will survive), whereas individual survival is independent with a probability of 0.68, is given by the binomial distribution, and is equal to 0.68 21 þ 21 Â 0.68 20 Â 0.32 ¼ 0.0033. The corresponding P value is about 0.3%, which is also very significant.
The age at death of the Other Controls at a survival fraction of 0.5 (50% mortality) is about 5150 days. At this age, it is apparent from counting the steps that 8 of 21 group 1 dogs died. Assuming that individual survival is independent for each dog with P ¼ 0.5, the probability of 13 or more dogs surviving is given by the binomial distribution as about 19%. Therefore, the indication in Figure 4 that the group 1 dogs at 50% mortality may live about 5% longer than the control dog at 50% mortality is not significant.
It is interesting to note that the median lifespan (50% mortality) of the control dogs in the plutonium inhalation study, about 5150 days, is longer than the median lifespan of the control dogs in the g-irradiation study, about 4300 days. Different breeds of beagle dogs were apparently used in the 2 studies.
Studies on rats that inhaled plutonium dioxide aerosols have shown a threshold for lifespan reduction at a lung dose of about 10 Gy; the lifespan increase for short-lived rats with a low lung dose was not apparent. 28 
Discussion and Conclusions
This analysis of mortality/survival data in the 2 studies suggests that short-lived (5% and 10% mortality) dogs are more sensitive to radiation than are long-lived (50% mortality) dogs. These more radiation-sensitive dogs seem to receive the benefit of increased longevity from low-level radiation, instead of the presumed adverse health effect of decreased longevity. For the dogs which received low-level a-radiation in their lungs (group 1), the relative increases in the lifespans of the more radiation-sensitive dogs (about 50% and 33%) appear much greater than the relative increases in the lifespans of the less-sensitive dogs (about 5%).
This analysis suggests that the optimum g-radiation level for beagle dogs is about 50 mGy per year, and the optimum initial plutonium lung burden is about 0.1 kBq/kg. A possible explanation for this observation is that more radiation-sensitive dogs are more receptive to low-dose, radiation-induced upregulation or stimulation of their adaptive protection systems than are the less sensitive, 50% mortality dogs. (Figure 4) . 27 The red circles indicate that the shorter lived control dogs (5% mortality level) have a lifespan of about 3000 days, whereas the dogs in group 1 (initial plutonium lung burden of 0.16 kBq/kg) have a lifespan of about 4500 days, 50% longer. Also shown are the 10% and 50% mortality levels.
The radiation threshold for the onset of lifespan reduction appears to be higher for more sensitive dogs. The threshold for g-radiation is about 700 mGy per year (50% mortality dogs); about 1100 mGy per year for the more sensitive dogs. For inhaled plutonium aerosols, the threshold for decreased longevity is about 0.25 kBq/kg (50% mortality dogs); about 0.65 kBq/kg for the more sensitive dogs.
The longevity of the more sensitive dogs appears to decline more steeply with rising dose rate as the g dose-rate increases above the threshold for harm. Inhaled plutonium aerosols remain in the lungs, and the short-range a-radiation damages only nearby cells. It is very important to note that this very local exposure seems to affect the lifespan of the entire dog. Lowlevel radiation induces a significant increase in the longevity of the more sensitive dogs. If beagles model humans, then these conclusions would apply also to people, supporting the views of Siegel et al 29 that regulatory application of the LNT hypothesis and ALARA to protect radiosensitive people is misguided.
Recommendations
If dogs model humans, then one should expect that radiationsensitive individuals would benefit more from exposures to low-level radiation than average humans. So protecting sensitive people from low-dose g-or a-radiation would be inappropriate because it would deprive them of the health benefit of a longer life.
Protecting people against harm from high-level radiation is very important. Based on the results of this analysis, the threshold for increased mortality attributable to continuous exposure to g-radiation appears to be about 700 mGy per year. Since beneficial health effects are likely below this level, the protection limit could be safely raised to at least 300 mGy per year, with no added risk.
Low-level exposure to inhaled a-emitters appears to bring health benefits, especially for more sensitive individuals. Efforts to eliminate residential radon appear to be misguided; Cuttler and Sanders 30 have recommended a limit for radon concentration in homes that is about 7 times higher than the US Environmental Protection Agency's radon action level.
The significant increase in the lifespan of short-lived dogs, chronically exposed to a-radiation from 1 inhalation of a small amount of plutonium aerosols, suggests the activation of very powerful signaling mechanisms. Studies should be carried out on mammals to understand this phenomenon. Such studies could lead to the discovery of important medical treatments for life-shortening diseases.
The results of this review suggest the need to change radiation protection policy. Obviously, maintaining exposures as low as reasonably achievable is very likely detrimental.
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